The lytic-phase origin of DNA replication from human herpesvirus 6B (HHV-6B oriLyt) contains two binding sites for the origin-binding protein (OBP H6B ), both of which are required for DNA replication and which are separated by an AT-rich spacer. We have tested the functional significance of the structural, spatial and sequence characteristics of this spacer element by constructing a series of mutated origin sequences and analysing their replication efficiency. Changes in the sequence composition or length of the spacer resulted in dramatic decreases in replication efficiency. Furthermore, in contrast to what has been observed for herpes simplex virus type 1 (HSV-1) ori S , insertion of a complete helical turn of DNA into the spacer also resulted in abrogation of origin function. These data suggest that the arrangement of OBP sites in HHV-6B oriLyt is stringently constrained in terms of spacing and intervening sequence.
The lytic-phase origin of DNA replication from human herpesvirus 6B (HHV-6B oriLyt) contains two binding sites for the origin-binding protein (OBP H6B ), both of which are required for DNA replication and which are separated by an AT-rich spacer. We have tested the functional significance of the structural, spatial and sequence characteristics of this spacer element by constructing a series of mutated origin sequences and analysing their replication efficiency. Changes in the sequence composition or length of the spacer resulted in dramatic decreases in replication efficiency. Furthermore, in contrast to what has been observed for herpes simplex virus type 1 (HSV-1) ori S , insertion of a complete helical turn of DNA into the spacer also resulted in abrogation of origin function. These data suggest that the arrangement of OBP sites in HHV-6B oriLyt is stringently constrained in terms of spacing and intervening sequence.
We have previously cloned a functional origin of lyticphase DNA replication (oriLyt) from human herpesvirus 6B strain Z29 [HHV-6B (Z29)] (Dewhurst et al., 1993) . Mapping experiments demonstrated that this origin contains a minimal essential domain which includes two binding sites for an α-herpesvirus origin-binding protein (OBP) homologue that is encoded by HHV-6B, designated OBP H'B (Inoue et al., 1994 ; Inoue & Pellett, 1995) . These two OBP binding sites, both of which are required for origin function (Dewhurst et al., 1994) , are separated by a short AT-rich spacer (Inoue et al., 1994 ; Inoue & Pellett, 1995) , to yield an overall arrangement that is broadly similar to what has been described for herpes simplex virus (HSV) type 1 and type 2 DNA replication origins, ori S and ori L (Lockshon & Galloway, 1986 , 1988 Martin et al., 1991 ; Stow & McMonagle, 1983 ; Weller et al., 1985) . Stoichiometric analysis of the interaction of HSV-1 OBP (OBP H" ) with HSV-1 ori S has shown that a single homodimer of OBP binds preferentially to each of two OBP binding sites (Fierer & Challberg, 1995) . Upon binding, protein-protein interactions occur between bound OBP homodimers (Elias et al., 1990 ; Gustafsson et al., 1994) , which lead to distortion and looping out of the intervening AT-rich spacer sequence located between the two OBP binding sites (Koff et al., 1991) . This is believed to result in local DNA unwinding and initiation of DNA replication (Koff et al., 1991) .
This model for the initiation of DNA replication at HSV ori S predicts that spacing of the two high-affinity OBP binding sites contained within the origin should be critical for origin function -a prediction that has been experimentally verified by Lockshon & Galloway (1988) using mutated derivatives of HSV-2 ori S . These workers showed that shortening or lengthening the AT-rich spacer element by half a helical turn (4-6 base pairs) abolished the functional activity of HSV-2 ori S , whereas addition or deletion of a complete helical turn (10 base pairs) restored origin function (Lockshon & Galloway, 1988) . In the present study, we have attempted to better delineate the biological significance of the structural similarities between HHV-6B oriLyt and HSV ori S by examining the functional effect of mutations within the spacer element in HHV-6B oriLyt, using the transient replication assay to measure the replication efficiency of a series of plasmid constructs containing mutated origin sequences.
To simplify the process of constructing origin mutants, 28 base pairs of the AT spacer element contained within the functionally active HHV-6B oriLyt element in plasmid p108∆7 were replaced by a unique AT-rich restriction enzyme cleavage site (PacI : TTAAT\TAA), thereby generating the plasmid ATS1 (Fig. 1 a) . This plasmid was then subjected to DNA sequence analysis to verify that no additional mutations had been introduced by the PCR-based mutagenesis protocol that we had employed (Dewhurst et al., 1994) . Subsequently, plasmid ATS1 was used to generate a series of plasmids bearing mutations within the AT spacer of HHV-6B oriLyt ( Fig. 1 b, c) using the following methodology. Nine synthetic deoxyoligonucleotides were synthesized and ligated to PacIdigested ATS1 plasmid DNA using T4 DNA ligase (US Biochemical) : ATN, 5h (TA) * AT 3h ; ATNj10, 5h (TA) "% AT , and from clone ATS1, in which a PacI site (underlined) was introduced in place of the normal AT spacer element (shown in boldface type). Horizontal arrows depict a previously identified dyad symmetry element in HHV-6B oriLyt, while the plus symbols denote the boundaries of the two OBP binding sites (Inoue et al., 1994) . Numbers refer to nucleotide positions relative to the BamHI-F restriction fragment in HHV-6B (Z29). In the case of plasmid ATS1 and its derivatives, the dashes represent nucleotide identity with HHV-6B (Z29). (b) Mutated derivatives of HHV-6B oriLyt, in which the normal AT spacer was replaced with an alternating series of either AT or GC dinucleotides. Numbers in parentheses on the far left (plasmid names) refer to base pair additions or deletions, relative to the length of the wild-type (wt) spacer element. In all cases, the PacI site is underlined and inserted oligonucleotides are represented by uppercase type ; asterisks denote the positions of three point mutations in these plasmids, relative to HHV-6B (Z29) oriLyt, due to the introduction of the PacI cleavage site. (c) Mutated derivatives of HHV-6B oriLyt in which the normal AT spacer has been replaced with a sequence whose composition faithfully recapitulates that found in HHV-6B (Z29) oriLyt, and which has been introduced either in the same orientation as in the virus (MATCO plasmids), or in an inverted orientation relative to HHV-6B (Z29) (MATR plasmids). Numbers in parentheses on the far left (plasmid names) refer to base pair additions or deletions relative to the length of the wild-type (wt) spacer element. In all cases, the PacI site is underlined and inserted oligonucleotides are represented by uppercase type ; asterisks denote the positions of three point mutations in these plasmids relative to HHV-6B (Z29) oriLyt, due to the introduction of the PacI cleavage site. Replication efficiency : jjj, 50-100 % of wild-type (p∆7) replication efficiency ; jj, 10-50 % of wild-type ; j, 1-10 % of wild-type ; k, 1 % of wild-type. Replication efficiency was determined by densitometric analysis of DpnI-resistant (replicated) and DpnI-sensitive (input) DNA bands on Southern blots using NIH Image software. The ratio of replicated to total (inputjreplicated) DNA was then calculated and expressed as a percentage of that for p∆7 (arbitrarily set at 100 % in all experiments).
3h ; GCN, 5h (GC) * AT 3h ; H6A-1, 5h TA '
. The ATN and ATNj10 oligonucleotides were designed to selfanneal (hence no complementary oligonucleotides were necessary), and were used to generate derivatives of plasmid ATS1 which contained spacer elements composed of alternating AT dinucleotides, with lengths ranging from k6 to j10, relative to the length of the wild-type HHV-6B spacer sequence (clones MAT, Fig. 1 b) . The GCN oligonucleotide, which is also self-complementary, was used to generate derivatives of plasmid ATS1 which contained spacer elements composed of alternating GC dinucleotides, with lengths of j4 or 0, relative to the length of the wild-type HHV-6B spacer sequence (clones MGC, Fig. 1 b) .
Oligonucleotides H6A-1, H6Aj5-1 and H6Aj10-1 were annealed to H6A-2, H6Aj5-2 and H6Aj10-2, respectively, before ligation to PacI-digested ATS1 plasmid DNA. This resulted in the generation of five distinct species of BBCG Analysis of HHV-6B oriLyt spacer element Analysis of HHV-6B oriLyt spacer element extrachromosomal DNAs were digested with DpnI and XhoI, and assays were performed as described previously (Dewhurst et al., 1993 (Dewhurst et al., , 1994 . Shown is a photograph of an autoradiogram of a Southern blot, using radiolabelled pSK probe. In all panels, numbers correspond to the sizes of ATS1-derived plasmid clones, with spacer sequences corresponding to the actual HHV-6B spacer sequence (except for three point mutations introduced by the PacI restriction site ; Fig. 1 c) . These plasmids (H6A mutants, Fig. 1 (Fig. 1 c) .
After sequencing each clone to confirm the spacer content and length, CsCl-purified plasmid DNA was tested in transient replication assays, as described previously (Dewhurst et al., 1993 (Dewhurst et al., , 1994 . Briefly, a pool of J-Jahn cells was infected with a standardized inoculum of HHV-6. When 10-50 % of the cells were positive for HHV-6 antigen (as measured by immunofluorescence assay), the culture was split into equal fractions and transfected either with test plasmids or with control plasmids, pSK (negative control), or p∆7 (positive control). Ninety-six hours later, cells were collected, Hirt DNA was extracted and Southern blot analysis performed. Since the extent of HHV-6 infection within the individual experiments was somewhat variable, the replication efficiency of the test plasmids was normalized to the replication efficiency of p∆7 (set at 100 % ; see Fig. 1 ). In addition, the replication efficiency of each test plasmid was determined on at least two separate occasions, in both HHV-6-infected J-Jahn T cells and in virusnegative cultures, so as to ensure reproducibility. No plasmid was found to replicate to detectable levels in virus-negative cells (data not shown).
The relative replication efficiency of the MAT series of mutant constructs was found to be reduced, and in most cases abolished, relative to the activity of p108∆7 (Figs 1 and 2 a) . Only two of these constructs, plasmids MAT (wt) and MAT (k2), replicated with significant efficiency. All other clones, including constructs with as little as 2 base pairs added, failed to replicate detectably (Figs 1 and 2 a) . The addition of a complete helical turn (10 base pairs) to the spacer sequence likewise resulted in a loss of replication activity [clone MAT(j10) ]. This finding was confirmed by analysis of the replication efficiency of the plasmid pairs, MATR (wt) and MATR (j10), as well as plasmids MATCO (wt) and MATCO (j10) (Figs 1, 2 b and 2 c) . In both cases, insertion of a single complete helical turn of DNA (10 base pairs) into the spacer element of a functionally active parental plasmid (MATCO, MATR) resulted in a dramatic reduction of replicator function [note that clone MATCO (j10) retains a low level of replicator activity, while clone MATR (j10) fails to replicate to detectable levels]. This observation stands in marked contrast to the findings of Lockshon & Galloway, who determined that HSV-2 ori S spacer mutants containing one or more additional complete helical turns of sequence replicated to near wild-type levels (Lockshon & Galloway, 1988) .
Analysis of the replication efficiency of the MGC-series plasmids, MGC (wt) and MGC (j4), revealed that replacement of the AT-rich spacer element in HHV-6B oriLyt by an alternating series of GC residues of either wild-type length, or wild-type length plus 4 base pairs, resulted in complete loss of origin function (Figs 1 and 2 b) . The functional importance of the primary nucleotide composition of the spacer element within HHV-6B oriLyt was further analysed by comparison of the replication efficiency of four plasmid clones containing spacer elements of wild-type length -p108∆7, the wild-type parental plasmid ; pMAT (wt), a plasmid which contains alternating AT residues ; and two plasmids with identical sequence content, but inserted in opposite orientations relative to the flanking OBP binding sites [clones MATR (wt) and MATCO (wt)] (Figs 1 and 2 c) . The replication efficiency of the three mutant plasmid constructs was found to vary considerably when compared to the wild-type plasmid (p108∆7), with plasmids MATCO (wt) and MAT (wt) replicating to substantially higher levels than plasmid MATR (wt) (Figs 1 and  2 a, c) .
These data are consistent with the following conclusions. First, the high efficiency of replication from plasmid MATCO (wt) indicates that the three point mutations generated in the AT spacer element as a result of the introduction of the PacI cleavage site (Fig. 1) had no appreciable effect on the efficiency of DNA replication from HHV-6B oriLyt. Second, the substantial (five-to sixfold) difference in replication efficiency between clones MATCO (wt) and MATR (wt) was surprising. These plasmids contain identical spacer elements, which differ only in their orientation relative to the flanking OBP binding sites and auxiliary elements within HHV-6B oriLyt (Dewhurst et al., 1993) . One possible explanation for these findings is that a complex of proteins may bind to HHV-6B oriLyt, including OBP H'B as well as additional viral proteins (Boehmer et al., 1994 ; McLean et al., 1994) and\or cellular factors (Dabrowski et al., 1994 ; Gruffat et al., 1995) , one of which might perhaps bind to AT-rich sequences within the spacer itself. If so, one would expect that stringent topologic constraints would act to limit the allowable spatial arrangement(s) of this complex of factors ; this could explain the functional limitations placed on the composition, length and orientation of the HHV-6B oriLyt spacer element. Experiments designed to test this hypothesis are presently in progress.
